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Why Transport Barriers?

e Thermonuclear fusion:

[LLawson criterion = Good confinement — Reduced turbulent
transport.

* Confinement improvement 1s a key i1ssue . Transport
barriers provide an attractive solution.

* Need to control position and height (MHD stability).

» Relaxation oscillations appear 1in edge transport barriers —
constraint on plasma facing components.
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Strategy to control transport barriers and
relaxation oscillations
e Facts:
- main 1nstabilities are driven by the pressure gradient.

- shear flow stabilisation plays a central role, but 1s not the
unique ingredient.

- shear of magnetic field 1s also a key ingredient.

 Internal Transport Barriers : strategy 1s to control turbulent
transport via shear flow and/or magnetic shear.

» Relaxations oscillations (and MHD): strategy 1s to keep
the pressure away from stability limit.
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Outline

 Introduction to turbulent transport in tokamaks
* Physics of transport barriers:

- edge transport barriers and relaxation oscillations.
- internal transport barriers.
* Examples of control
- 1nternal transport barriers

- relaxation oscillations (ELM’s) 1in edge transport
barriers.
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Geometry

* Field lines generate
magnetic surfaces.

* Along a field line

q(r)=de/do

* Density and temperature
are constant on magnetic

surfaces.

.

0 0.2 0.4 0.6

Major radius [m]
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Turbulent Transport

Key ingredients:
* Fast motion along the field lines
. , _BxV¢
 Perpendicular ExB Drift VE_?
\
Dturb.z‘V
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Main 1nstabilities are interchange
modes

 Exchange of }
two flux tubes
1s energetically
favourable 1f

(Vg VB)(VE-Vp)>0
e Stable and

unstable regions
are connected

by tield lines. Stable  Unstable

HSCoPP'04 X. Garbet
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Models of turbulence 1in tokamaks

* A key ingredient in tokamak turbulence 1s the interchange
instability

dtV d)——(bV) o+ Vg Vp-I-VVJ_(I)
dip=xy(BVYp+yx Vip+S

d=0+vp.V ; v;=BxV/B>

e Similarities with thermo-convection and Rayleigh-Taylor
instability
dtV ¢ = Vg VT+VVJ_(I)

dtT—XJ_VJ_T-I-S

* The actual plasma response 1s more complex.
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Fluctuations of ExB drift velocity
e EXB drift produce turbulent transport
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Several “regimes” 1n a tokamak plasma

1

* L-mode: basic plasma,
turbulence everywhere.

* H-mode: low turbulent
transport in the edge,
formation of a pedestal.

Internal transport
barrier (ITB)

_._\ _____ Edge localized

 Internal Transport Barrier modes (ELMs)

low turbulent transport in
the core, steep profiles.

Edge transport
barrier

Plasma pressure

JE9s.a39/1c

Normalised radius r/a
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Oscillations relaxations ( "Edge Localised Modes")
appear in H-mode plasmas

JET#58135 at t=60.118s

2500

H-mode : transport barrier
in the edge due to a shear

2000

T, ('eV)

flow.

e ELM: relaxation
oscillations.

e Complex temporal
behaviour.

1500

1000 {—

500 —

0

before a relaxation

after a relaxation
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ELM's dynamics 1s crucial —

+f Dox H#53208. T=0

\HM

57 a4 40 Pl il
#53299, [=4e2P

||

——

#52739

a7 b | U il &l i a7

1

Do #52739, I'=1e23

* Energy content depends
on the type of ELM’s.

Parail 02
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ELM's are associated to an MHD 1nstability

#52309 Log(|5B|)

100 77 i &

* Underlying

-4
electromagnetic a0 k2
.
mode. —
« Relaxation=mode T°"f
2 b
growth+transport & B =
2 40
event. 2 SEalese e o e 1-8
e Crash time =100us 20 =8 fE= 1-9
* Recovery time= o E= R i e e e | |10
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HSCoPP'04 X. Garbet 13



Association
Euratom-CEA

ELM's live close to an MHD lIimit

* Pressure (ballooning)
and current (kink) driven
modes.

 Stability domain
pressure gradient

o=-q*Rdp/dr
vs magnetic shear

s=rdq/qdr.

Wilson 01, Shyder 02, Parail
02, G. Huysmans 02
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Barrier Relaxations appear 1n simulations for a large
enough velocity shear

« Similarities with relaxations in edge barriers

e Link with actual ELM’s 1s unclear yet.

P. Beyer
gm ! T T T
400r E
=850y -
[T
L3000~ 5
E 800 —— shear=2
1 . . L I
£
%200 5
[iF]
a 230/
100+ <
© 207
=
=10}
0 : £
q=2 q=2.5 g=3 20
radius r 0 1000 2000 30@0 4000 5000 6000
time
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Physics of Transport Barriers
* Transport barriers are layers of plasma where turbulent
transport 1s reduced.

* Requires a minimum amount of power
Z L-mode

T —L -
N g B — |TB
04 : :
e | =
“Temperature
. profile | r/ad | ot
7 : o 0.5 o} 0.5 L
, , , 04 0.6 0.8 , , R
Contour lines of electric potential. Contour lines of electric potential.
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=0
Shear flow 1s stabilising
¢ EXB VGIOCity t Z potential TRB SlmUIathnS
shear tears =
apart large — o
scale vortices. | * 04
K.C. Shaing, K& S.Itoh, 02
K.Burrell, e
P.H.Diamond, i
RWaltz, ... G
* Criterion for o
stabilisation 2
— dVE -1-1 08 -0 -04 -02 ] 0.2 0.4 05 0.3
YE = - Vlin R
dr .

Contour lines of electric potential.
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Control of the ExB Drift in a Tokamak

* Force balance equation

T.dn- dT;
E.— 190 o (1_k L +V:B
" ejnydr ( nejl)eidr Tlt ’
/.l , Toroidal
Fuelling Heating momentum

e Self-generation of mean flow

OtVe = _vr<\7Er\7E9> ~ Vneo (VO - Veq)

HSCoPP'04 X. Garbet
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Negative magnetic shear 1s also stabilising |

* Turbulence simulations : stabilisation for s=rdq/qdr <-0.5
(Y.Baranov, A.Bottino, R. Budny,...)

* Agrees with experiment (TORE SUPRA, TCV, FTU, JET, AUG

)
10

| afety factor— e | Temperature-
1.6

3 Y. Baranov,
6 | TRB
1.2 simulations
4
2 0.8
0 IR N L s N S -
00 02 04 0.6 00 02 04 0.6
Normalised radius Normalised radius
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Magnetic shear lowers Shear flow rate vs

critical shear flow at transition = magnetic shear
JET- T. Tala/V. Parail
 Force balance 0.5 | |
equation YeR/C
nie;(E+VxB)-Vp; =0 0.4 1=

—> 1n a reactor plasma 0.3 —
*
YE/Vlinsz:ps/LT<<1 02 @ _
—> adjustement of
magnetic shear s to 0.1 g —
lower v,

0.0
0.0 02 04 0.6 0.8
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EEFD ﬁ EUROPEAN FUSION DEVELOPMENT AGREEMENT

JET

Internal Transport Barriers

 Magnetic shear seems to be the trigger.

=

 Once the barrier 1s established, the velocity shear rate exceeds
the linear growth rate.
Challis 02

6

O L N W h~ O

QET #51976 at t=6.0s
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Control of MHD Stability

e Pressure driven
MHD mode —
threshold

2.5

2.5
I #42940 i
2 | 2
Bn I 'BN
15 | MHD stability limit 15 |
i JET wall
1 - 1
I no wall
05 | 05 |
0\\\\\\ 0
3 4 5 6 7 8 9 10
B(0)/<p>
Huysmans, JET 1999

« After
optimisation.

#40847

6.8

7.0 MHD stability limit

JET wall

no wall

52

5

P 0)6/ <p>
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Real-time control of internal transport barriers via
velocity shear and current profile control

* Controlling y; and s seems an efficient way to control a
transport barrier.

e Current drive provides a way to control j(r) and thus s —
expensive.

* In principle yg can be controlled via torque, but very
expensive in a reactor — shear flow rate 1s related to
gradient .

VE/Vlin ~PpT =Ps/Lre

— Control of q profile and temperature profile (p") with
current drive heating power

HSCoPP'04 X. Garbet 23
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Means of (global) control 1n a tokamak S

q profile 1s determined by the poloidal field — current density
— controlled by current generation. Done with inductive field
+ waves (e.g. Lower Hybrid) or particle beams.

Neutral Beam Injection (NBI) controls heating (mainly 10ns)
and torque.

Ion Cyclotron Resonant Heating (ICRH) controls heating,
mainly on electrons.

Pellet injection controls central fuelling (density)

In a reactor :

heating due to alpha particles (not a control parameter)

fuelling and torque will be negligible.

HSCoPP'04 X. Garbet 24
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Control scheme : proportional+integral feedback

Qsetpoint 6Q P Q
2(O——G(s) Vo5, W,'B Kotasma(s) [T
- 3 Moreau 03
\ _J- °
SVD decomposition
K(s)=W(s)X(s)V'(s)
Applied power Power levels when The feedback Difference between the
levels at time=t control starts control matrix target and actual g and p,’
. d1,setpoint — 91 (t)
P ()Y (Pr(to) . dirg 921 Ptry-- | 92.setpoint —92(t)
*
PnB(E) [=| PNB(to) |+ & 1+'c_ Idt X AINB 92NB PtNB- . ,
PRF (t) PRF(tO) © tO quF quF... pj[kRF... pt,setpOint o pt (t)
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Algorithm for controlling current and pressure profiles

ICRH "V UL ET =
g’ Tmms e duRRy - P i q
LH e T = 1 T o, o e 'ﬁﬁtg o
1 ) i 0 x 1
| A : . A

o / . 1

Kii Ki Kis OQcal1 0 x 1
Ka Kzn Kx 5CIGa12
3 modulations Kii Kz Ks T AQeal3
ICRH
around a K41 K42 K43 SP _ 5anl4 —
reference Kq Ko Ksil 5 Scals Galer_kms
- OP sl * algorithm
steady-state : Ka Ko Kl 1 o can
*
Kn K Kz 5,OT Gal 2
Mor
| Ksi Ks2  Kass | _5p:kGa|3_ oreau 03
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Euratom-CEA B LEFDA JET —

1.8MA/3.4T  Active control ,

> #53697

1016 neutron/s

o N M OO
I

elrz

(x 10 2)

eference

An example of control

I'TB is controlled during 7.5s
with =100% of non-inductive
current.

Neutral beam injection
controlled by neutron emission

Radio-frequency heating
controlled by p/L, at the
barrier location

Plasmas are more stable with
RT control

Mazon 02
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First g-profile control in the high power phase —

1.8MA/3.0T  HxB,~2

Pulse No: 58474 . Active Control . _Pulse No: 58474
3l e Yy - e setpoints
ot
21 PLH-cen(MW) o 6l
|
l_
start of control
0 5
15
10\
q 4
5_
0 3
6_
4 PereMW) | LA /I ¥ | | \/ @&
2
2 3 undershoot —— t=11.0s }»
= —— t=12.0s |3
0 | | Q g
1 3 5 1 | | S
0

\ |
Time (s) 0 0.2 0.4 0.6 0.8 1.
Normalised radius

""Model Based SVD control*" deduced from open loop experiments
Mazon 04
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First simultaneous control of g-profile and ITB strength

q profile control p*1.control

6JET Pulse No: 62160 JET Pulse No: 62160
i«—q profile control —s, X=0.2 0.03 i « p¥; ContrOI_’i X=0.4

4 | '
2 |
6
4
2
6
4__
2
6
5
4
3
5 3
4
3

* 3T/1.7MA HgoX By ~ 3.4

 Control performed either with a monotonic or a non-monotonic g-profile
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Control of oscillation relaxations with
. DIlI-D
external coils. T.E. Evans ™™ e
8 [ _ a5
Use of magnetic coilsto g2+ .
ergodise field lines at the * ° [ t Do, civertor () 7
_..l | L l s A A AR AR o s
edge. < ;.:.g 123 K | _L Izt divertor (c) "
« Aim is to decrease the s = B .
. o B surf divertor ]
local pressure gradientto = ,,, Jw
avoid crossing the 0 30 [TOUAGHA
*1: E 10
stability threshold.
100 - 1
100l B
2800 3000 3200 3400
Time (ms)
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Control of oscillation relaxations with ——

external coils (cont.) y gecoulet 2004
16

"*\ ELM 8B, (n=-10)
\5B,~102 12
DIII-D:# 115467

! 1.6T/1.13MA 8
/ _
/ Qos=3.8 4
A |-coil=4kA

0.90 0.92 0.94 0.96 0.98 1.0C

critical gradP

normalized gradP(a.u.)
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Conclusions

e Control of confinement and stability seems feasible
with macroscopic quantities such as magnetic shear,
velocity shear and density gradient.

* Magnetic shear requires current drive: expensive but
feasible.

* Control of rotation seems much more difficult in a
reactor: torque due to beams 1s small — means to
generate rotation with RF waves.

* On a longer term, more sophisticated control
techniques will be necessary.

HSCoPP'04 X. Garbet
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Effect of a Shear Flow -
' dVE
 Shear flow rate VE = O
* Approximate criterion for stabilisation
AL '
Dk Ve > Te VE > Y1in
Biglari-Diamond-Terry 90 Waltz 94
9 g =0 Ge E—D.E M -EI' 9
o . a0 j" at &0
200 i.f"ff::‘{.:% - Izn 200 " f V 200 [I ‘,, Im
My oy AT ____* L0 —
0 |"|_'|“I:I’ ...ﬂ - -0 0 #\'._ v:---.":; ':l “h |
200 ﬁ%u% I-m 200 l'\ “W} :Q:?:r I-?C' 200 ‘lk I 20
Eﬁﬂ ﬁ Eﬁﬂ Eﬁﬂ ﬁ 200 =200
HSCoPP'04 X. Garbet E]Fgaxena—ﬂS_
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Simultaneous control of g-profile and ITB location

Pulse No: 62527 3T/1.7MA

° t=9.15s
- —— Measured
G . — Reference q
| |
1/q '//”— ‘\\\\
I I
*
P'Te 502 — Reference
—— Measured
0.01 g .
I | L .k p*;. profile
: | i ¥ | x 3
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Effect of a Shear Flow on

Transport
: Figarella 03
* Acts on amplitude anc .. - |
cross-pl.lase of | == = Prms
fluctuations %W SO
0.8} DDOUHDEEE U
* Leads to a transport  #7y, / I
. E,rms "Haoo,. B
barrier 200,
F:_Dturbvneq Cross-phase
V!
Dturb ¢ % Vneq T DU 02 CITE lerl CITS CITE o7 DTB DT'BE
HSCoPP'04 X. Garbet e
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The 1nteraction between
structures and transport barriers

 Structures have been found to play in important role in
tokamak turbulence.

« Zonal Flows are fluctuations of the poloidal velocity and
play a stabilizing role.

» Streamers are convective cells elongated 1n the radial
direction : enhance the turbulent transport.

» Avalanches are large scale transport events; Connected to
streamers.

 Interplay with transport barriers?

HSCoPP'04 X. Garbet 36
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Avalanches are
Large Scale Transport Events

* Evidence : maps of Beyer et al 99
2000

turbulent flux versu
time and radius. Q 1800
Same for pressure. id00

* Observed in many

simuations Carreras

96, Sarazin and Gendri] e
98, Garbet and Waltz
98, Beyer et al. 99,
Candy and Waltz 02, ... 800

£ 1400
=

1000

HSCoPP'04 X. Garbet 37



Association
Euratom-CEA

3D Structure nf an avalanche

e Maps of the flux in
poloidal planes.

* Elongated structures in
the radial direction:
streamers.

Drake 88, Diamond 99,
Jenko 00

* Elongated vortices
along the equilibrium
magnetic field.

Poloidal angle

i i L .
Eol 10 a0 H o

Beyer et al 00
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Interaction with Zonal Flows

e Streamers 1n low k
turbulence seem to be non
linear structures:

- several toroidal wave
numbers.

- growth time scale 1s not
linear.

e Mechanism for the onset of
a streamer still unclear.

 Interplay with Zonal Flows.

a4

cammcieklkn

Cross correlation between
turbulent flux and ExB

shear flow: time delay.

HSCoPP'04 X. Garbet
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Avalanches hardly cross a
transport barrier

2000

e Suggests an effect
of the velocity shear =
on the propagation & 1ol
of a transport event.

18008

2 1400
= ;

* Some large events
cross the barrier.

HSCoPP'04 X. Garbet
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Zonal Flows are active within transport barriers.

e Observed for Thermal flux Zonal Flow
combined electron — s ;
and 1on barriers. _ ' .
1100 __.i:l. ;
§ . :l-
e Not clear A f2
11 [
whether ZF oo uameaet | L,
. . '
participate in the w B
barrier onset. -1‘--":.5,
1 I'\ml *
* Some barriers S| TR
. ‘!.l' &
arc qu1€t e — hn.qh 05 0.6
r
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Conclusions

Velocity shear 1s a powerful way of producing a
transport barrier.

There exists other ways to produce a barrier 1n a
tokamak. A barrier 1s ultimately reinforced by the
velocity shear associated to the strong gradient :
positive feedback loop.

Avalanches hardly cross transport barriers. Consistent
with suppression due to mean shear flow.

Zonal Flows are active within some transport barriers.
Precise role to be clarified.

HSCoPP'04
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Effect of a Shear Flow
 Shear flow rate
! dVE
Vg =——
k dr

* Approximate criterion for
stabilisation

o \13
DkGVE >Te

Biglari-Terry-Diamond 90

VE >7Ylin Waltz 94
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Negative magnetic shear 1s stabilising

* Magnetic shear :
s—rdq

q dr
» s<0 : favourable average o&k"

interchange drive
(vi-VB)(vg-Vp) along field
lines.

* Enhanced by geometry

effect.

B.B.Kadomtsev, J.Connor, M.Beer,

J.Drake, RWaltz, A.Dimits, _ _
C.Bourddlle. .. Vortex distorsion
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Strategy for Predicting Turbulent Transport in
Fusion Plasmas

 Calculating the plasma response 1s a challenge: fluid
equations (3D, 5 equations at least) or kinetic equations
(5D). Simplifications:

- Mean field theory: development of transport models
(usually based on a mixing-length approximation)

- Statistical theory of turbulent transport.
- Use low resolution turbulence simulations.

* Develop generic recipes to reduce turbulent transport.

HSCoPP'04 X. Garbet 45
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The least square integral error

1S minimised bv the controller
J.Ol ﬂl (x)[Q(x? . SetpOint(x)]de +J-[: ,uz(x){p;k (x i p;' setpoint(x)]zdx

* controt- »
01012 I L] L] ] ] | | | i | |
: #62160 — diota”
I — thu*drho*T?
0.01F | — dum
| 1
| 1
0.008F | !
| |
| |
|
0.006 J I
V‘ I
1 ‘ |
0.004F 1 I
il ‘ |
|.l 1
0.002 M |
: = .
- Mty
! ‘M\W“
U v L L L L L L L
45 46 47 48 489 50 51 52 53 54
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Dynamics of transport barriers is more complex than
s<(0 and shear flow

JET #51573  Map of -p, VT/T ; profile steepening
O+
3.7 R(m) i P Vi o0
s>0 % ..... ° T,

3.6/ . | 0.020

3.5 q=2 ’
‘ location  =0.018

3.4 from the

33 MHD :
‘narrow’ ITB . analysis 0.016

3.2 s<0 region ; i |
SMW ICRH + 11.5MW NBI | , | , 0.014

4.5 5 5.5 6.5 7 7.5 JET- E. Joffrin

Time6(s)
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A shear layer results 1n a region where the gradients
are large: transport barrier

1.0

0.5

0.0

/

dV,o/dr

r/a

0.4

0.6

0.8

HSCoPP'04
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Challenges of profile control

Previous experiments were based on scalar measurements

1. ITB = pressure and current (+ rotation ...) profiles
2. Multiple time-scale system-+loop interaction
Energy confinement time # Resistive time

Nonlinear interaction between p(r) and j(r)

— Multiple-input multiple-output distributed parameter system
(MIMO + DPS)

— Space-time structure of the system must be determined
Identify a high-order operator model around the target steady state
and try model-based DPS control using SVD techniques

D. Moreau et al., Nucl. Fus. 2003

HSCoPP'04 X. Garbet 49
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Negative magnetic shear 1s stabilising

* Magnetic shear :
s—rdq

q dr
» s<0 : favourable average o&k"

interchange drive
(vi-VB)(vg-Vp) along field
lines.

* Enhanced by geometry

effect.

B.B.Kadomtsev, J.Connor, M.Beer,

J.Drake, RWaltz, A.Dimits, _ _
C.Bourddlle. .. Vortex distorsion

HSCoPP'04 X. Garbet 50
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